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X-ray diffractionThe inﬂuence of α-, γ‐ and δ-tocopherols on the structure and phase behavior of dipalmitoyl phosphatidyl-
choline (DPPC) bilayers has been determined from X-ray diffraction studies on oriented multilayers. In all
the three cases themain-transition temperature (Tm) of DPPC was found to decrease with increasing tocopherol
concentration up to around 25 mol%. Beyond this the main transition is suppressed in the case of γ‐tocopherol,
whereas Tm becomes insensitive to composition in the other two cases. The pre-transition is found to be
suppressed over a narrow tocopherol concentration range between 7.5 and 10 mol% in DPPC‐γ-tocopherol
and DPPC-δ‐tocopherol bilayers, and the ripple phase occurs down to the lowest temperature studied. In all
the three cases a modulated phase is observed above a tocopherol concentration of about 10 mol%, which is
similar to the Pβ phase reported in DPPC–cholesterol bilayers. This phase is found to occur even in excess
water conditions at lower tocopherol concentrations, and consists of bilayers with periodic height modulation.
These results indicate the ability of tocopherols to induce local curvature in membranes, which could be
important for some of their biological functions.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Vitamin E is one of the most important lipid-soluble components
of biological membranes. It is a general term that is used to describe
a family of eight different naturally occurring molecules which are
very closely related in chemical structure [1].
Structurally vitamin E consists of two functional domains, a
chromane ring bearing a phenolic group and a branched side chain.
If the hydrocarbon chains of these molecules are saturated they are
classiﬁed as tocopherols; otherwise they are called tocotrienols. To-
copherols are further classiﬁed as, α, β, γ, and δ, which vary only in
the number and position of methyl substituents attached to positions
5 and 7 of the chromane ring (Fig. 1). α-tocopherol is the most pre-
dominant form of natural vitamin E and hence plays an important
role in determining its biological activity; it is also the only tocopherol
that can be absorbed and transported in the human body [2].
The distribution of vitamin E in the human body greatly differs
from one tissue to another [3] and is effected by several factors, the
more important ones being oxidative stress and temperature [4–6].
Among all the subcellular membrane fractions, Golgi membranes
and lysosomes possess the highest concentration of vitamin E [7]. In
these membranes, the vitamin E to phospholipid molar ratio is
found to be of the order of 1:65, which is about an order of magnitude
greater than that found in other subcellular membranes.titute, C V Raman Avenue,
80 2361 0122; fax: +91 80
n).
l rights reserved.Most of the research into tocopherols has focused on the fundamen-
tal chemistry that explains their antioxidant properties [2], their speciﬁc
location and role in biological membranes [8], and particularly on the
beneﬁts of these compounds for human health [9,10]. A number of ex-
periments have shown that vitamin Eworks to quench free radicals and
acts as a terminator of lipid peroxidation [11,12]. The prenyl chain of
α-tocopherol is found to anchor the molecule ﬁrmly within the phos-
pholipid bilayers, however there is some ambiguity as regards to the
position of the chromanol ring in the membrane [13,14]. There are
also contradicting reports regarding the nature of the interaction of to-
copherolswith phospholipidmembranes,with some studies suggesting
the formation of H-bonds between the phenol of tocopherol with either
the glyceryl ester or phosphate groups of the lipids [15,16].
A subsidiary function of vitamin E is to counter membrane-
destabilizing effects of lysophospholipids such as lysophosphatidyl
choline (LPC) [17–22]. It is postulated that one of the ways in
which α-tocopherol stabilizes the membranes is by forming com-
plexes withmembrane lipid components that have a tendency to de-
stabilize the bilayer structure, thereby counteracting their effect.
Several studies have shown that the presence of α-tocopherol
greatly inﬂuences the phase behavior of phospholipids [23]. Although
these effects are similar to those observed in phospholipid bilayers
containing cholesterol, in quantitative terms the effect of vitamin E
appears to be greater on a per mole basis than cholesterol. This is at-
tributed to the greater ﬂexibility of its isopentanoyl side chain com-
pared to the rigid ring structure of the sterol nucleus [24]. The
hydroxyl group of the chromanol ring has also been shown to be im-
portant in modulating phase transitions of phospholipids [24]. The
formation of domains enriched in vitamin E in bilayers of egg
Fig. 1. Chemical structure of tocopherol. α-tocopherol: R1=CH3, R2=CH3, β-tocopherol:
R1=CH3, R2=H,γ-tocopherol: R1=H,R2=CH3, δ-tocopherol: R1=H,R2=H.
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ance spectroscopy and evidence for formation of complexes with a
phospholipid to vitamin E stoichiometry of about 10:1 has been
obtained [25].
Wang et al. [26], using x-ray diffraction and freeze-fracture elec-
tron microscopy methods, have examined the effect of α-tocopherol
on the structure and phase behavior of dilauroyl-, dimyristoyl-,
dipalmitoyl-, and distearoyl-phosphatidylcholines. They report the
formation of a ripple phase in all these mixtures at temperatures
well below the pre-transition temperature of the pure phospholipid.
Their freeze-fracture studies indicate that when the proportion of
α-tocopherol is less than 5 mol% a ripple phase with large periodicity
(50–150 nm) predominates. However, with α-tocopherol concentra-
tion about 10 mol%, a ripple phase of periodicity around 16 nm is
formed. With concentrations of α-tocopherol in excess of 10 mol%,
a planar bilayer structure is found.
The situation is different when we consider their interaction with
phosphatidylethanolamines. The effect of vitamin E on the polymor-
phism of phosphatidylethanolamines has been studied by Micol et
al. [27] using differential scanning calorimetry (DSC) and 31P-nuclear
magnetic resonance techniques. They report that the presence of
α-tocopherol results in the appearance of multi-endothermic peaks
in the DSC thermograms, indicating a lateral phase separation.
Phase separation of vitamin E-rich domains has also been observed
in mixtures of vitamin E and phosphatidylethanolamines [28–31],
using small- and wide-angle X-ray diffraction. These studies conclude
that vitamin E does not form a stable lamellar phase with phosphati-
dylethanolamine but tends to induce a hexagonal phase.
In this article we present the phase behavior of DPPC–tocopherol
mixtures obtained from x-ray diffraction studies on oriented multi-
layers. Signiﬁcant differences are observed in the inﬂuence of the
three types of tocopherols on the phase behavior of DPPC. In theFig. 2. Diffraction pattern of the Pβ' phase in aligned multilayers of DPPC–tocopherol
mixtures. The bilayer normal is horizontal.case of α- and δ-tocopherol, the main-transition temperature is
found to decrease with tocopherol concentration up to ~25 mol%, be-
yond which it is insensitive to the composition. On the other hand, in
the case of γ-tocopherol the main-transition temperature decreases con-
tinuously with increasing tocopherol concentration and is completely
suppressed beyond 25 mol%. In all the three cases a modulated phase
is observed at tocopherol concentrations above 10 mol%, which is sim-
ilar to the Pβ phase reported earlier in DPPC–cholesterol and DMPC–
cholesterol mixtures [32]. Further, in the case of γ- and δ-tocopherols,
the pre-transition disappears over an arrow composition range around
7.5 to 10 mol%, and the Pβ′ (ripple) phase is found to be stable down to
the lowest temperature studied.2. Materials and methods
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was purchased
from Avanti polar lipids, while α-, γ- and δ-tocopherols were obtained
from Sigma-Aldrich. All these chemicals were used as received. Aligned
multibilayers of binary lipid mixtures were prepared in the following
way: a concentrated solution of DPPC–tocopherol binary mixture
(dissolved in a mixture of chloroform and methanol (1:1)) in designated
molar ratioswas deposited on the outer surface of a clean cylindrical glass
substrate (radius of curvature of ~9 mm). After deposition, the samples
were placed overnight under vacuum to remove all traces of the solvent.
Subsequently, theywere kept in a water-saturated atmosphere andwere
hydrated for a couple of days to obtain a stack of bilayers oriented parallel
to the surface. This procedure results in very well aligned stacks of bila-
yers with low mosaicity, as indicated by the sharp spots in the
two-dimensional diffraction patterns, such as the one shown in Fig. 2.
For experiments performed under excess water condition, a drop of
water was deposited on the ﬁlm, which was then covered with a thin
mylar sheet. The beaker along with the sample was then kept in a
water-saturated atmosphere and was equilibrated for 2 hours before
the experiments were performed.
Cu Kα (λ=1.54 Å) radiation from a rotating anode x-ray genera-
tor (Rigaku, Ultra X18) operating at 48 kV and 70 mA and rendered
monochromatic by a multilayer mirror (Xenocs) was used to illumi-
nate the samples kept inside a sealed chamber with two mylar win-
dows. The chamber temperature was controlled using a circulating
water bath to an accuracy of ±0.1 °C and the relative humidity (Rh) in-
side it was maintained at 98±2%, by keeping a reservoir of water. The
axis of the cylindrical substrate was oriented perpendicular to theFig. 3. Partial Phase diagram of DDPC–α-tocopherol mixtures at 98 ± 2 % Rh. Lα (♦), Lβ'
(▼),Pβ' (▲), and Pβ (●). This labeling scheme for different phases has been followed in
all subsequent phase diagrams.
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sample.
Diffraction patterns were recorded on a 2D image plate detector of
345 mm diameter and 0.1 mm pixel size (Marresearch). All samples
were ﬁrst heated to a temperature above the main transition temper-
ature of DPPC and the diffraction patterns were recorded during
cooling from the Lα phase. The sample temperature and the Rh
close to the sample were measured with a thermo-hygrometer
(Testo 610) inserted into the chamber.
3. Results
The thermotropic phase behavior of pure DPPC at high hydration
is well investigated [33,34]. DPPC is known to exhibit lamellar
phases at high hydration, the ﬂuid Lα phase above the main transition
(Tm ~42 °C), the ripple (Pβ') phase between Tm and the pre-transition
temperature Tp, and the gel (Lβ') phase below Tp. Diffraction patterns
of the Lα and Lβ' phases consist of a set of peaks corresponding to the
lamellar periodicity in the small angle region. The ordering of the
chains of the lipid molecules in the plane of the bilayer gives rise to
peaks in the wide angle region. In the Lα phase these peaks are diffuse
due to the liquid-like ordering of the chains. In the gel phase the
chains are highly ordered and the wide angle peaks become sharp.
The number of reﬂections in the wide angle region and their position
in the diffraction pattern are determined by the magnitude and10 15 20 25 30 35 40
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Fig. 4. Variation of the (a) wavelength of the ripple and (b) the lattice parameter γ of
the oblique unit cell, in the Pβ' phase as function of temperature at a tocopherol con-
centration of 7.5 mol%. α-tocopherol (■), γ-tocopherol (▲), and δ-tocopherol (●).
The smooth line shown in this and subsequent ﬁgures is only a visual guide. Typical er-
rors in λ and γ are ±1.0 Å and ±1.0°, respectively.direction of tilt with respect to the chain lattice [35]. The ripple
phase is characterized by a two-dimensional oblique unit cell, and
as a result additional satellite reﬂections appear in the small angle re-
gion of the diffraction pattern (Fig. 2).
3.1. DPPC–α-tocopherol
Fig. 3 gives the partial phase diagram of DPPC–α‐tocopherol mix-
tures at 98±2% Rh. The different phases were identiﬁed from their
characteristic diffraction patterns.
At very low concentrations α-tocopherol has no signiﬁcant effect
on the thermotropic phase behavior of DPPC. However, with increas-
ing concentration of α-tocopherol in the membrane one starts seeing
deviations from the pure lipid behavior. Between 5 and 7.5 mol% a co-
existence of the Pβ′ and Lβ′ phases is observed below 30 °C. The wave-
length λ of the ripples in the Pβ' phase as a function of temperature at
7.5 mol% of α-tocopherol is shown in Fig. 4(a). With increasing tem-
perature it is found to decrease initially, reaching a minimum just
below the main-transition, and starts to increase again. The obliquityFig. 5. Diffraction patterns of (a) the Pβ phase and (b) the coexistence of Pβ' (shown by
blue arrow) and Pβ (shown by red arrow) phases with identical d-spacings and in
aligned multilayers of DPPC–tocopherol mixtures. The bilayer normal is horizontal.
Fig. 7. Transbilayer electron density proﬁle (EDP) in the Lα phase of DPPC–α-tocopherol
binary mixtures at 45 °C.
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close to the temperature at which λ has a minimum (Fig. 4(b)).
At 10 mol% Pβ' phase exists all the way down to the lowest tem-
perature studied (10 °C). At higher α-tocopherol concentrations
(15–50 mol%), the main transition was found to decrease. In this con-
centration range, the system exhibits only two phases; the high tem-
perature Lα phase transforming into a modulated phase below Tm.
This modulated phase characterized by a rectangular unit cell,
Fig. 5(a), is similar to the Pβ' phase observed in DPPC–cholesterol
mixtures [32]. Over a narrow composition range the two modulated
phases, namely Pβ' and Pβ coexist; interestingly these two phases
have almost identical d-spacings, Fig. 5(b). The variation of the mod-
ulation wavelength in the Pβ' phase both as a function of α-tocopherol
concentration and temperature are shown in Figs. 6(a) and (b),
respectively.
From the diffraction data we have calculated the transbilayer elec-
tron density proﬁle (EDP) of the bilayer using the procedure de-
scribed in ref. [32]. In brief, this involves the determination of the
phases of the reﬂections using a model for the electron density pro-
ﬁle, which has a few adjustable parameters. These model parameters
were evaluated by ﬁtting the calculated intensities with the observed
ones. The calculated phases of the reﬂections were then combined10 15 20 25 30 35 40 45 50
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Fig. 6. Variationof thewavelength of the ripple in the Pβphase as a function of (a) tocopherol
concentration at 10 °C and (b) as a function of temperature, at 15 mol% tocopherol concen-
tration. α-tocopherol (■), γ-tocopherol (▲), and δ-tocopherol (●).with the observed structure factor magnitudes and inverse Fourier
transformed to get the EDP. Since the bilayer has a center of symmetry,0 5 10 15 20 25 30 35 40 45 50
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Fig. 8. Plot of the bilayer thickness dpp (a) and lamellar periodicity d (b) as a function of
tocopherol concentration, in the Lα phase of DPPC–tocopherol mixtures at 45 °C.
α-tocopherol (■), γ-tocopherol (▲), and δ-tocopherol (●). Typical error in d is ± 0.3 Å.
Fig. 10. Transbilayer electron density proﬁle (EDP) in the Lα phase at 45 °C, for the
DPPC–γ-tocopherol binary mixtures.
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a relative scale, some structural parameters, such as the bilayer thick-
ness, can be determinedwith fair amount of accuracy. Fig. 7 shows the
variation of the EDP with increasing α-tocopherol concentration at
45 °C.
The two peaks in the EDP correspond to the headgroup regions
and the central trough to the bilayer mid-plane. The separation be-
tween the two peaks (dpp) is a good measure of the bilayer thickness.
A plot of dpp as a function of α-tocopherol concentration in the Lα
phase is shown in Fig. 8(a). Incorporation of α-tocopherol in the
DPPC membrane does not signiﬁcantly alter the bilayer thickness,
with the maximum change being around 1.5 Å. The variation of the
d-spacing of the Lα phase with α-tocopherol concentration follows
the same trend, Fig. 8(b).
3.2. DPPC–γ‐tocopherol
The phase behavior of DPPC–γ-tocopherol mixtures, shown in
Fig. 9, is quite similar to that of DPPC–α-tocopherol mixtures, with
one important difference that in this case the main-transition tem-
perature continuously decreases and does not reach a plateau as in
the previous case. Further, a pure Pβ' phase is stable over a narrow
concentration range around 7.5 mol% in this case at all temperatures
below the main-transition. Figs. 6(a) and (b), respectively show the
variation of λ in the Pβ phase with γ-tocopherol concentration and
with temperature.
The transbilayer electron density proﬁle (EDP) of the bilayer in the
Lα phase at 45 °C with increasing γ-tocopherol concentration is
shown in Fig. 10.
The plot of the bilayer thickness, dpp and the d-spacing as a func-
tion of the γ-tocopherol concentration reveals that incorporation of
γ-tocopherol in the DPPCmembrane does not have a signiﬁcant effect
on them (Figs. 8(a) and (b)). Both of them increase slightly with in-
creasing γ-tocopherol concentration, with the maximum increase
being around 1.5 Å.
3.3. DPPC–δ‐tocopherol
A partial phase diagram of DPPC–δ-tocopherol mixtures is pres-
ented in Fig. 11. It closely resembles the DPPC–γ-tocopherol phase di-
agram at low concentrations and the DPPC–α-tocopherol phase
diagram at high concentrations. Just like the other members of the to-
copherol family, δ-tocopherol is found to stabilize the Pβ phase when
its concentration in the membrane is more than about 10 mol%,Fig. 9. Partial Phase diagram for the DDPC–γ-tocopherol mixtures at 98±2% Rh.Fig. 11. Variations of λ in the Pβ phase with δ-tocopherol concentra-
tion and with temperature are shown in Figs. 6(a) and (b),
respectively.
The transbilayer electron density proﬁle (EDP) of the bilayer in the
Lα phase at 45 °C, with increasing δ-tocopherol concentration is
shown in Fig. 12.
As in the previous cases, incorporation of δ-tocopherol in the DPPC
membrane does not have a signiﬁcant effect on either the bilayer
thickness dpp or the d-spacing (Fig. 8). Both of these parameters in-
crease slightly with increasing δ-tocopherol concentration, with the
maximum increase being around 1.5 Å.
3.4. Stability of the Pβ phase under biologically relevant conditions
Since the modulated Pβ phase is found to be stabilized over a wide
concentration range by all themembers of the tocopherol family (as dis-
cussed in the previous sections) at 98% Rh conditions, we have checked
the stability of this phase in the biologically relevant regime. In this re-
gard we have performed scattering experiments on bilayers made up of
binary mixtures of DPPC and γ-tocopherol under excess water condi-
tions. We ﬁnd that at 5 mol% of γ-tocopherol the main-transition tem-
perature drops to 30 °C, belowwhich the Pβ phase is observed down to
10 °C. A diffraction pattern of the Pβ phase is shown in Fig. 13. Interest-
ingly, the modulation wavelength under these conditions is found to beFig. 11. Partial phase diagram of the DDPC–δ-tocopherol mixtures at 98±2% Rh.
Fig. 12. Transbilayer electron density proﬁle (EDP) in the Lα phase at 45 °C, for the
DPPC–δ-tocopherol binary mixtures.
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Fig. 14. Electron density map of the Pβ phase observed in DPPC–α-tocopherol binary
mixtures at 10 °C and 98% Rh. The electron-rich bands correspond to the headgroup re-
gion of the bilayers, whereas the electron-poor band corresponds to the mid-plane of
the bilayer.
2491M.A. Kamal, V.A. Raghunathan / Biochimica et Biophysica Acta 1818 (2012) 2486–249321.59 nm, which is much higher than the wavelength observed at 98%
RH, Fig. 6(b). However, at 10 mol% of γ-tocopherol the Pβ phase is ab-
sent and the Lα phase is found to be stable down to the lowest temper-
ature studied.40
60
10
153.5. Electron density map of the Pβ phase
In this section we present electron density maps of the Pβ phase of
binary mixtures of DPPC and tocopherols. They were calculated using
the procedure described in refs. [36,37].
Figs. 14 and 15 show the electron density map (EDM) of the Pβ
phase in DPPC–α-tocopherol and DPPC–γ-tocopherol mixtures, re-
spectively. EDMs of the Pβ phase in DPPC–δ-tocopherol mixture at
98±2% and 75±2% Rh are shown in Figs. 16(a) and (b), respectively.
The electron-rich bands in these maps correspond to the headgroup
regions and the electron-poor band to the bilayer centre. All these
maps clearly show the presence of height modulated bilayers in this
phase, with a peak-to-peak amplitude of ~10 Å. The very good quality
of these maps validates the electron density model used to phase the
reﬂections. All the model parameters have comparable values in the
three systems at 98% Rh. The values of σh and σc decrease consider-
ably on reducing the Rh to 75%, in accordance with the expected in-
crease in the chain ordering and decrease in the molecular mobility.
The height proﬁle is symmetric with arms of equal length and equal
thickness. The periodic bilayer curvature modulation accompanying
the height modulation invariably leads to a modulation in the bilayer
composition. However, it is difﬁcult to infer such compositional vari-
ations from the map due to the poor electron density contrast be-
tween the tocopherol and lipid molecules.Fig. 13. Diffraction pattern of the Pβ phase of oriented DPPC–γ-tocopherol multilayers
in excess water. The layer normal is vertical. γ-tocopherol concentration=5 mol %,
T=15 °C.4. Discussion
Different members of the tocopherol family inﬂuence the struc-
ture of DPPC membranes in a manner which is in many respects sim-
ilar to cholesterol. They induce the modulated Pβ phase in DPPC
bilayers, with the modulation wavelength decreasing with increasing
tocopherol concentration. However, a noticeable difference between
these two systems is the inability of tocopherols (with the exception
of γ-tocopherol) to ﬂuidize DPPC membranes at high concentrations.
In the case of γ-tocopherol the Lα–Pβ transition temperature de-
creases rapidly with tocopherol concentration, as in the case of cho-
lesterol. In the other two cases the transition temperature decreases
initially, but becomes insensitive to composition beyond 25 mol% to-
copherol concentration. It is indeed very surprising that the structur-
ally intermediate γ-tocopherol has the greatest disordering effect on
DPPC bilayers.
In all the three tocopherols studied the bilayer thickness increases
with increasing tocopherol concentration in the membrane. However,x
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Fig. 15. Electron density map of the Pβ phase observed in DPPC–γ-tocopherol binary
mixtures at 10 °C and 98% Rh.
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Fig. 16. Electron density map of the Pβ phase in DPPC–δ-tocopherol bilayers at 10 °C
and 98 % Rh ((a)) and 75 % Rh ((b)).
Fig. 17. Model proposed for the Pβ phase in DPPC–tocopherol membranes, where the
tocopherol concentration is coupled to the bilayer curvature. Tocopherol molecules
are represented by yellow heads.
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case of cholesterol [32]. This is an indication that tocopherols are not
as efﬁcient as cholesterol in ordering the chains of the lipid molecules.
This is most probably related to the absence of a steroid ring-like moi-
ety in tocopherol.
Over a narrow composition range from 7.5 to 10 mol% all the three
tocopherols stabilize the asymmetric ripple (Pβ') phase much below
the pre-transition temperature of the pure lipid. At higher concentra-
tions this phase transforms into the symmetric Pβ phase through a ﬁrst
order transition. Such stabilization of the asymmetric ripple phase is
not seen in the PC–cholesterol system. Since in this asymmetric ripple
phase the bilayers generally have a saw-tooth height proﬁle with dif-
ferent thicknesses in the two arms, it is very likely that the tocopherol
concentration ismuch higher in one of the arms. Several studies on the
Pβ' phase suggest that the conformation of the chains in the two arms
of the ripple is different, with some simulation studies showing a in-
terdigitated bilayer structure in the shorter arm of the ripple [38]. It
is conceivable that tocopherols stabilize the ripple phase by favoring
one of these chain conﬁgurations.Our results on the structure of the bilayers in excess water are
consistent with the results of earlier studies [26]. At 5 mol% γ-to-
copherol we ﬁnd the Pβ phase, with a modulation wavelength of
∼ 20 nm. Earlier studies using unoriented samples had identiﬁed
this as the Pβ' phase. In contrast, our experiments using oriented bila-
yers clearly shows this phase to be Pβ phase characterized by a rect-
angular unit cell. At 10 mol% the Lα phase exists down to 10 °C
which is in agreement with earlier work.
The EDMs of the Pβ phase of DPPC–tocopherol mixtures is very
similar to those obtained in the case of PC–cholesterol mixtures. A
model has been proposed for the structure of this phase in PC–cholesterol
membranes, consisting of alternating sterol-rich and sterol-poor stripes
forming a one-dimensionally modulated bilayer. A similar structure
may be proposed for DPPC–tocopherol membranes, since the height
modulations invariably lead to a coupling between curvature and compo-
sition (Fig. 17). The formation of this phase demonstrates the ability of to-
copherols to control local curvature of the membrane. Such control is
known to be important in the functioning of biomembranes [39]. Hence
our results suggest that tocopherols could also play an important role in
these processes.
5. Conclusion
We have determined the structure of DPPC–tocopherol membranes
from x-ray diffraction studies carried out on orientedmultilayers. The in-
ﬂuence of α- and δ-tocopherol on these bilayers is found to be very sim-
ilar, but γ-tocopherol is found to be most efﬁcient at ﬂuidizing the
bilayer. The thickness of DPPC membrane is rather insensitive to even
very high concentrations of these molecules, indicating their negligible
ability to induce chain ordering. All the three systems exhibit amodulated
Pβ phase, consisting of corrugated bilayers, at tocopherol concentrations
greater than 10 mol%. The present study clearly demonstrates the stabil-
ity of this phase under biologically relevant conditions. Although the con-
centration at which this phase is observed (∼ 5 mol%) is much higher
than the global concentration of tocopherols in any biomembranes, it is
possible that the local tocopherol concentrationmight reach these values.
Since bilayer curvature is one of the parameters that biomembranes use
to alter local protein concentration and activity, our results suggest that
tocopherols could play a role in these processes.
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